Abstract: The accumulation of pathogenesis-related proteins such as β-1,3-glucanases and chitinases was studied in cold induced snow mould resistance in two Polish cultivars of winter triticale, cv. Hewo and cv. Magnat that substantially differ in resistance to Microdochium nivale. The plants were pre-hardened at 12
Introduction
Pink snow mould, caused by pathogenic fungus Microdochium nivale (Fr., Samuels & Hallett) , is one of the most serious diseases of winter cereals and grasses in moderate and cold climatic areas (Matsumoto & Nissinen 2001; Tronsmo et al. 2001; Prończuk et al. 2003; Kuwabara & Imai 2009) . Snow mould fungi invade plants in late autumn at low (near freezing) temperatures under dark and humid conditions or during early winter period, under snow cover where it they proliferates and spreads in the host tissues.
It was shown that cold acclimatisation is necessary for the initiation of defence system against snow mould infection (Ergon et al. 1998; Nakajima & Abe 1996; Tronsmo et al. 2001; Go lębiowska & Wędzony 2009; Plazek et al. 2011) . In overwintering plants this process is associated with increased level of soluble carbohydrates that modify the osmotic potential of the host plant (Gaudet et al. 1999) . The increase in carbohydrates has been reported to generate a metabolic signal that induces expression of the defence-related genes (Roitsch et al. 2003) . Recent studies revealed that pathogenesis-related (PR) proteins are induced after exposure to low temperature (Kuwabara & Imai 2009 ). For example, increased accumulation of mRNA transcript corresponding to the chitinases and β-1,3 glucanases in cold acclimated winter wheat was observed by Ergon et al. (1998) or Gaudet et al. (2000 Gaudet et al. ( , 2003 . Further, Hiilovaara-Teijo et al. (1999) observed increased total β-1.3 glucanase and chitinase activities in apoplast of cold acclimated winter rye. The latter authors suggested that PR proteins such as β-1,3 glucanases, chitinases or thamatin-like proteins are multifunctional and capable of adjusting of their function according to the nature of the given stress. Cold induced PR genes capable to prevent ice crystal formation have been extensively studied in overwintering grasses and cereals (Hon et al. 1995; Yeh et al. 2000; Griffith & Yaish 2004; Yaish et al. 2006; Nakamura et al. 2008) .
The β-1,3 glucanases (EC 3.2.1.39) and chitinases (EC 3.2.2.1.14) are hydrolytic enzymes that can hydrolyze the β-1,3 linked glucans and chitin (N-acetyl-Dglucosamine polymers) found in the cell walls of higher plants as well as many fungi. Their function renders them very important in several physiological processes as well as in plant defence (for review see : Kasprzewska 2003; Grover 2012) . However, there are only few reports on β-1,3 glucanases and chitinases in triticale and their role during fungal infection. Previously, Ry-242 I. Żur et al. bka et al. (1998) have demonstrated enhanced activities of these glucanhydrolases in response to the attack of highly virulent isolate of Stagonospora nodorum. Further, Na et al. (2002) have identified one chitinase and two glucanases in triticale seeds with antifungal activities against Trichoderma and powdery mildew.
In this work we studied the accumulation of β-1,3 glucanases and chitinases after cold acclimatisation and subsequent M. nivale infection. The activities of both enzymes were examined in two winter triticale cultivars that differ in resistance to M. nivale. The cultivar Hewo is considered as a relatively resistant, whereas the cultivar Magnat as a susceptible one in both laboratory and field conditions (Go lębiowska & Wędzony 2009). To our knowledge, this is the first time that activities of these glucanhydrolases were studied in these cultivars at all.
Material and methods

Plant material and growth conditions
In our experiments, two winter triticale (× Triticosecale Wittm., 2n = 6x = 42) cultivars Hewo and Magnat, differing in their origin and resistance to M. nivale infection, were studied. The cultivar Hewo (Strzelce Plant Breeding -IHAR Group Ltd.) was identified as relatively resistant to the fungus whereas the cultivar Magnat (Danko Plant Breeders Ltd.) as susceptible (Go lębiowska & Wędzony 2009).
The seeds were germinated on the watered sterile filter paper at 26 Fungus culture and plant inoculation Microdochium nivale mycelium (isolate No. 38z/5a/01), highly virulent to cereals, was kindly provided by Prof. Maria Prończuk from the Institute of Plant Breeding and Acclimatization, Radzikow, Poland. The inoculum was produced according to the modified method described by Prończuk & Madej (1996) . The mycelium was grown in sterile Petri dishes (ø 90 mm) on a 1 cm thick layer of Potato Dextrose Agar medium (PDA, Sigma-Aldrich) at 21
• C for 10 days, in darkness. The one fourth of the mycelium from each dish was transferred to sterile Elrenmayer's flask (300 mL) with a 250 mL of watered sterilized mixture of soil/peat/sand (2/2/1; v/v/v), containing 5% (w/w) of grounded wheat kernels. The mycelium was cultured at 21
• C in darkness for next 14 days. The hardened plants were planted into the sterile soil mixture with gently mixed the soil-borne mycelium (16 g per pot). The mixture was distributed on the soil surface and the pots were covered with a moistened blotting paper and wrapped in the black plastic foil to imitate the conditions occurring under the snow cover. Non-inoculated plants went through the same procedure and served as control for the evaluation of the effect of snow cover imitating conditions. All pots were incubated in the cold chamber at 4
• C, in darkness for 7 days.
Protein extraction
Crude protein extract was isolated from 3 to 4 seedling leaves using an extraction buffer that contained 0.1 M sodium acetate (pH 5.0) and 0.02% (v/v) β-mercaptoethanol. Tissue samples (0.5 g) were ground in a mortar using liquid nitrogen, transferred into extraction buffer and homogenised by vortexing. Insoluble material was removed from the homogenate by centrifugation at 14,000 rpm at 4
• C for 15 min. The supernatant was removed and centrifuged again at 14,000 rpm at 4
• C for 10 min. Protein concentration was determined according to Bradford (1976) .
Chitinase and β-1,3-glucanase quantitative assays
The fluorimetric assay was used to detect endochitinase activity in crude protein extracts using the synthetic substrate 4-methylumbelliferyl-β-D-N,N',N"-triacetylchitotrioside [4-MU-(GlcNAc)3] (Fluka 69615) as described previously (Libantova et al. 2009 ). The reaction mixture contained 20 µL of protein extracts mixed with 30 µL of 300 µM substrate in 0.1 M sodium citrate buffer (pH 3.0). The assays were carried out in 96-well black-sides assay plates. After incubation at 37
• C for 1 h, the reaction was stopped by adding 150 µL of 0.2 M Na2CO3 and fluorescence was measured by Fluoroskan II microtiterplate reader (TITERTEK, Finland) using excitation and emission filters 355 nm/450 nm. Based on the standard curve, the chitinase activity was calculated as picomoles of methylumbelliferone (4-MU) generated per hour per microgram of soluble protein.
β-1,3-glucanase activity was assayed spectrophotometrically with laminarin as a substrate (Sigma L-9634) using dinitrosalicylic acid (DNS) method (Miller 1959 ) with some modifications. The reaction mixture containing 100 µL of crude protein extract was mixed with 100 µL of 2% (w/v) laminarin and incubated at 37
• C for 1 h. The reaction was terminated by addition of 1 mL 1% (v/v) staining DNS reagent and boiling for 5 min. After cooling to room temperature, the contents were diluted 1:20 in water and the absorbance was measured at 500 nm. The enzyme activity was expressed in nmol as amount of released reducing sugar (D-glucose) per hour per miligram of soluble protein.
Detection of chitinases and β-1,3-glucanases in activity gel
Protein extracts (10 µg) were separated on 12.5% (w/v) SDS-containing polyacrylamide slab gels (Laemmli 1970) with glycol chitin (0.01%, w/v) or laminarin (Sigma L-9634) (2.5% w/v), incorporated as enzyme substrates, separately. Glycol chitin was obtained by acetylation of glycol chitosan (Sigma G-7753) as described by Trudel & Asselin (1989) . The gels were run at 8
• C at a constant voltage of 120 V for 2 h. After electrophoresis, proteins were re-naturated by shaking the gel in 50 mM sodium acetate buffer (pH 5.0), 1% (v/v) Triton X-100 for 1 h. Following protein re-naturation, the gels were subjected to detection of enzymes activities. The chitinase activity was detected by staining with 0.01% (w/v) Fluorescent Brightener 28 (Pan et al. 1991) and UVillumination. The β-1,3-glucanase activity was visualised by boiling of the gel for 10 min in 1 M NaOH containing 0.1% (w/v) 2,3,5-triphenyltetrazolium chloride according to the method of Pan et al. (1991) .
After enzyme activity detection, the gels were stained with Coomassie Brilliant Blue R 250. The molecular weights of the detected enzyme isoforms were estimated by comparison with protein ladder (Mark 12 Unstained Standard, Invitrogen). 
Plant sampling and statistical analysis
The set of analysed plants was subjected to analyses at several time points: (1) at the 7 th day of initial growth, (2) at the end of the pre-hardening, (3) at the end of hardening and (4-7) and at the 1 th , 3 th , 5 th and 7 th day (4-7) post inoculation (dpi). A total of 96 plants (8 plants per treatment) for each cultivar were analysed.
For gel activity assays the plants were subjected to analyses at the 7 th day of initial growth (C1L), at the end of hardening treatment (Hd).
All data are the means of three replications (plants). Statistical significance (p < 0.05) of the experimental results was evaluated by ANOVA/MANOVA and Duncan's tests, with help of STATISTICA version 7.1.
Results and discussion
The effect of low temperature on β-1,3-glucanase and chitinase activities Low temperature treatment resulted in suppression of the both total β-1,3-glucanase ( Fig. 1) and chitinase ( Fig. 2) activities in the sensitive cultivar Magnat. The interaction between the plant genotype and cold treatment, however, was found to be significant only for the (1) (2) (1) × (2) 1 3 3 * *** * 1 Enzyme activities used in variance analyses; 2 (1) genotype, (2) temperature; 3 Degree of freedom; 4 Probability according to F-test with significance level at *p < 0.05; ** p < 0.01; *** p < 0.001, ns -not significant chitinases ( Table 1) . Drop of these enzyme activities during cold acclimatisation can coincide with increased callose deposition in cell walls, while this polysaccharide can control (in case of cold negatively) the symplastic continuity in the plant tissue (Chen & Kim 2009 ). On Crude protein extracts were separated on SDS-PAGE with laminarin and glycol chitin as enzyme substrates, separately. Subsequently, the re-natured gels were stained for glucanase (lanes 3, 4) and chitinase (lanes 5, 6) enzyme activities. The total proteins were visualized with Coomassie Brilliant Blue R 250 (lanes 1, 2). Lanes 1, 3, 5 are control plants on seventh day of initial growth at one leaf stage (C1L), lanes 2, 4, 6 are plants subjected to hardening (Hd). Numbers on the left refer to the molecular mass marker. the other hand, Gilmour et al. (2000) and Jackson et al. (2004) have previously shown that overexpression of cold-responsive genes can result in reduced growth and altered plant morphology. Suppressed β-1,3-glucanase gene expression upon cold treatment of the banana was also observed by Roy Choudhury et al. (2010) . In contrast, accumulation of chitinases upon cold treatment in winter cereals was observed by Yeh et al. (2000) and Pihakaski-Maunsbach et al. (2001) . Behaviours of individual chitinase isoforms within the same plant, however, can be differently affected (Takenaka et al. 2009 ). In this context, it must be noted that the results of different studies on certain particular chitinase isoforms should be used carefully for drawing general conclusions. At the same time, they are difficult to compare with the results of the total enzyme activities.
On the other hand, Gilmour et al (2000) and Jackson et al. (2004) have previously shown that overexpression of cold-responsive genes can result in reduced growth and altered plant morphology. The results are difficult to compare, since the latter authors monitored the behaviour of some particular chitinases. However, the activity of individual chitinases might by masked by sum of the activities of others in a given sample.
The total hydrolase activities measured did comprise several chitinase and glucanase enzyme isoforms. These behaved differentially depending on the plant genotype and hardening (Fig. 3) . In the resistant cv. Hewo, a single band of ∼36 kDa (Glu 1) with glucanase activity was detected in the both hardened as well as non-hardened plants (Fig. 3, lanes 3, 4) . Quantification of its activity did not prove a significant influence of the applied treatment. In contrast, in the sensitive cv. Magnat, there were detected two glucanase isoforms of ∼36 kDa (Glu2) and ∼55 kDa (Glu3) (Fig. 3, lanes 3, 4) . Interestingly, the latter two isoforms revealed opposite behaviour during hardening when compared to corresponding non-hardened control (Fig 3, lane 4) . These results point out different role of β-1,3 glucanases in cold. Suppression of one isoform at the expense of other is believed to coincide with an antagonistic crosstalk between signalling pathways that can help the plants effectively respond to various stresses by using minimum energy to survive in biologically or climatically rigours environments (Yasuda et al. 2008; Takenaka et al. 2009 ).
In contrast to glucanases, the pattern of chitinase isoforms differed in the two cultivars (Fig. 3, lanes  5, 6) . A higher number of individual chitinase bands was present in the cv. Hewo (five) comparing to the cv. Magnat (four). Except for the two high molecular weight (MW) fractions (Chit1 and Chit2) that appear to be similar in the two cultivars, there were three isoforms a 18-26 kDa detected in the cv. Hewo (Chit4, Chit5 and Chit6), while only two chitinases of ∼23 kDa and ∼33 kDa were observed in the cv. Magnat (Chit3, Chit5). In literature, a large number of chitinases of a 28-35 kDa have been reported to reveal antifungal activities both in vitro as well as in vivo (reviewed in Ferreira et al. 2007; Kuwabara et al. 2009 ).
The activities of the individual isoforms were not quantified. Nevertheless, it would be difficult to correlate them with the total enzyme activities measured since separation of the isoforms in the second dimension (molecular charge) might reveal further isoforms. Furthermore, the opposing behaviour of certain isoforms might result in ostensible lack of any change of the level of total enzyme activities.
The effect of fungal infection on β-1,3-glucanase and chitinase activities Since, β-1,3-glucanases and chitinases have previously been shown to play role in plant defence against fungi (reviews Muthkurishnan et al. 2001; Ferreira et al. 2007) , we monitored total β-1,3-glucanase and chitinase activities in the leaf of the crude protein extracts of hardened plants at the 1 th , 3 th , 5 th and 7 th day post fungal infection by M. nivale. Despite of the drop of the enzyme activities upon cold, we observed a gradual increase of the total β-1,3-glucanase activities in plants with time (Fig. 4) . However, this phenomenon appears to be physiological, neither the effect of genotype nor pathogen infection was shown to be significant (Table 2 ). Neverthless, due to above mentioned reasons a more detailed analysis of individual isoforms might give a more informative picture on involvement of these glucanhydrolases against M. nivale attack. On the other hand, upon hardening, the pathogen infection significantly elevated the chitinase activities in the resistant cultivar Hewo. However, unlike in case of glucanases, a significant interaction with the time progress of infection was scored (Table 2, Fig. 5 ). In contrast, the changes in total chitinase activities in the infected plants of the sensitive cv. Magnat were not statistically significant (Table 2 , Fig. 5 ). Unfortunately, due to biomaterial limitations it was not in one power to study in β-1,3-glucanases
ns ns * ns ns ns ns
*** *** ** *** ns ** ns 1 Enzyme activities used in variance analyses; 2 (1) genotype, (2) M. nivale infection, (3) days post infection; 3 Degree of freedom; 4 Probability according to F-test with significance level at * p < 0.05; ** p < 0.01; *** p < 0.001, ns -not significant further details the activity pattern of individual chitinase isoforms. Nevertheless, we believe that their behaviour under the given biotic stress conditions is more complex.
Despite the fact that cold acclimatisation of triticale plants resulted in suppression of the total chitinases, our results suggest that these glucan-hydrolases do play a role in defence againstM. nivale. Their behaviour upon cold is not in agreement with the results of Ergon et al. (1998) and Gaudet et al. (2000 Gaudet et al. ( , 2003 who showed accumulation of certain chitinase and glucanase mRNA transcripts in winter wheat plants upon both cold acclimatisation and fungal infection. Nevertheless, these proteins are only a part of a complicated mechanism that is still not fully understood. Kuwabara & Imai (2009) proposed a model of a signalising network for disease resistance acquired through cold acclimatisation that includes three pathways: defence (through salicylic or jasmonic acid), cold (by cold-binding transcription factors) or novel (still unknown) pathways. Moreover, disease resistance is also related to physiological adaptation that leads to the accumulation of storage carbohydrates during cold acclimatisation (Gaudet et al. 1999) . Recently, Plazek et al. (2011) demonstrated a link between the resistance to M. nivale and the higher content of total carbohydrates in inbred lines of winter rye. Taking into account all the enzyme activity data, it is suggested that the chitinases but not the glucanases are actively involved in the response of triticale plants to M. nivale infection. Activity of the both studied glucanhydrolases is suppressed during the cold, possibly as a consequence of an altered metabolism. However, upon infection with M. nivale the chitinases are markedly in-duced in the cv. Hewo and their activity remains high even after a week post infection, supporting a coincidence with the resistant phenotype to M. nivale. At the same time, the total β-1,3 glucanases activities do not seem to be affected by fungus in either of the tested triticale cultivars. Although total enzyme activities might mask the changes of the individual isoforms, the relatively higher basic level of chitinases (cv. Hewo) and the rapid kinetics of their induction during infection with pathogen might be advantageous for handling the disease, while it appears to be genetically determined (Figueiredo et al. 2012) . Thus, the total activity of chitinases in plants might be indicative for the plant's resistance/susceptibility against a fungal pathogen.
